The supernova (SN) PTF11iqb was initially classified as a Type IIn event caught very early after explosion. It showed narrow Wolf-Rayet (WR) spectral features on day 2 (as in SN 1998S and SN 2013cu), but the narrow emission weakened quickly and the spectrum morphed to resemble those of Types II-L and II-P. At late times, Hα emission exhibited a complex, multipeaked profile reminiscent of SN 1998S. In terms of spectroscopic evolution, we find that PTF11iqb was a near twin of SN 1998S, although with a factor of ∼ 2-4 weaker interaction with circumstellar material (CSM) at early times, and stronger CSM interaction at late times. We interpret the spectral changes as caused by early interaction with asymmetric CSM that is quickly (by day 20) enveloped by the expanding SN ejecta photosphere, but then revealed again after the end of the plateau when the photosphere recedes. The light curve can be matched with a simple model for weak CSM interaction (with a mass-loss rate of roughly 10 −4 M ⊙ yr −1 ) added to the light curve of a normal SN II-P; the relatively weak CSM interaction allows the plateau to be seen more clearly than in other SNe IIn. This plateau requires that the progenitor had an extended hydrogen envelope like a red supergiant at the moment that it exploded, consistent with the slow progenitor wind speed (< 80 km s −1 ) indicated by narrow Hα emission. The cool supergiant progenitor is significant because PTF11iqb showed WR features in its early spectrum -meaning that the presence of such WR features in an early SN spectrum does not necessarily indicate a WR-like progenitor. While the late-time Hα profile was multipeaked and asymmetric like that of SN 1998S, PTF11iqb's Hα developed a stronger redshifted peak, so in this case the asymmetry cannot be blamed on dust obscuration. Instead, azimuthal asymmetry due to binary interaction is likely. Overall, PTF11iqb bridges SNe IIn with weaker pre-SN mass loss seen in SNe II-L and II-P, implying a continuum between these types. It hints at episodic pre-SN mass loss on a wider scale than previously recognised.
INTRODUCTION
Recent years have seen the growing recognition that episodic mass loss may be a critical ingredient in the evolution of massive stars. Perhaps the most vivid demonstration is the class of Type IIn supernovae (SNe), which have narrow emission lines (Schlegel 1990; Filippenko 1997) arising from extremely dense circumstellar material (CSM) that is close to the star and must have been ejected in only the few years or decades preceding the final explosion; see Smith (2014) for a general review of massive-star mass loss and its connection to SN diversity.
The synchronisation of this episodic mass loss occurring such a short time before core collapse suggests that it is connected to some instability in the latest stages of nuclear burning -most likely during Ne, O, and Si burning, but perhaps also C burning on longer timescales (Quataert & Shiode 2012; Shiode & Quataert 2014; Smith & Arnett 2014) . Some SNe have associted precursor eruptions detected in the few years before explosion Pastorello et al. 2007; Smith et al. 2010a; Mauerhan et al. 2013a; Corsi et al. 2014; Fraser et al. 2013; Ofek et al. 2013a Ofek et al. , 2014a . Since stars may alter their structure shortly before core collapse, this makes it challenging to connect SNe to the properties of traditional populations of evolved stars.
Eruptions driven by the pulsational pair-instability (PPI; Rakavy & Shaviv 1967) have been suggested as a possible physical cause of some of this violent late-phase mass loss (e.g., Woosley et al. 2007) . While the PPI could potentially be important in the most extreme and rare events like superluminous SNe IIn that require ejection of 10-20 M⊙ (e.g., Smith et al. 2008a Smith et al. , 2010b Ofek et al. 2014b; Gal-Yam 2012; Zhang et al. 2012) , the requirements on the very high initial mass of a PPI progenitor (∼ 100 M⊙; Heger et al. 2003) as well as a preference for low metallicity indicate that such events must be far too rare to account for the general population of SNe IIn (Smith et al. 2011a; Smith & Arnett 2014; Smith, Mauerhan, & Prieto 2014) . Multidimensional numerical simulations of the latest phases of nuclear burning in massive stars reveal instabilities that may be more widespread (i.e., in lower-mass stars of 20-30 M⊙), and might lead to violent eruptive mass loss (Arnett & Meakin 2011) . Quataert & Shiode (2012) suggested that these latest phases of Ne and O burning might induce wave-driven mass loss that could contribute (see also Shiode & Quataert 2014) . A number of other possibilities may exist as well: Smith & Arnett (2014) pointed out that even if waves propagating out from the core are insufficient to cause hydrodynamic mass loss on their own, their dissipation in the envelope may cause a pulsation or inflation of the star, perhaps triggering a collision with a companion star in a binary system that had previously been safely separated. Moreover, violent convection and mixing in the final phases may be able to trigger explosive nuclear burning that could cause sudden energy deposition. In any case, the empirical fact that some SNe experience violent eruptive mass loss in their latest burning phases indicates that the stellar structure may be significantly modified compared to the endpoints of one-dimensional stellar-evolution models; Smith & Arnett (2014) proposed that this could be an extremely important consideration in understanding core collapse (i.e., pre-explosion disruption of the core structure might make some stars easier to explode).
SNe IIn contribute a fraction of 8-9% of all core-collapse SNe (Smith et al. 2011a ) in a volume-limited sample of large star-forming galaxies, and there are hints that they are as common or possibly more common at lower metallicity (see Smith 2014) . It is interesting that ∼ 10% of core-collapse SNe exhibit vivid warnings of their impending core collapse in the form of violent fits of dynamic mass loss, while the vast majority of normal SNe do not. An open question is whether explosions classified as SNe IIn are the only massive stars that experience pre-SN instability, or if they are just the most extreme expression of a more generic instability operating in a larger fraction of massive stars. Whereas the PPI is indeed limited to a small fraction of the most massive stars, wave-driven mass loss, inflation of the star that triggers collisions with a companion star, and explosive burning may be more generic and may operate over a wide range of mass. Quantitative expectations of the energy deposition and mass loss from theory are still uncertain, but one can imagine that there is a substantial range in both. If there is a range in energy deposition from pre-SN instability, there may also be a continuum in CSM density, from the most violent SNe IIn down to normal winds. Anecdotally, it is already clear that SNe IIn exhibit a wide range of CSM mass with diverse radial density structure and geometry. They can eject as much as 10-20 M⊙ in the cases of rare superluminous SNe IIn (see above), 0.1-1 M⊙ in more common SNe IIn (Kiewe et al. 2012; Ofek et al. 2013b; Taddia et al. 2013) , and they even have CSM that could arise from the dense winds of extreme red supergiants (RSGs; Smith et al. 2009a,b; Mauerhan & Smith 2012; Stritzinger et al. 2012) .
In this paper, we report evidence that the Type IIn phenomenon may extend to even lower mass-loss scales, in SNe that are recognised as Type IIn only if they are caught early enough after explosion, and then transition into more normal SN types as they age. Thus, some other "normal" SNe might also experience pre-SN instability akin to SNe IIn, but less extreme in scale or more limited in duration. In the title of this paper and throughout the text, we refer to "normal" SNe as those which are not seen to be strongly interacting based on their visible-wavelength spectra (SNe Ibc, IIb, II-P, II-L; see Filippenko 1997 for a review), where the visualwavelength spectrum is dominated by the receding photosphere that is located within the fast freely expanding SN ejecta, and not in the shock/CSM interaction region. Thus, normal SNe in this context exclude Types IIn and Ibn. Signs of weaker CSM interaction have often been seen in X-ray and radio emission (Chevalier & Fransson 1994; Fransson et al. 1996; Murase et al. 2014 ).
We present visual-wavelength photometry and spectroscopy of PTF11iqb taken from the time of first detection up to ∼ 1100 days afterward. PTF11iqb was discovered (Parrent et al. 2011 ) at R = 16.8 mag by the Palomar Transient Factory (PTF; Law et al. 2009; Rau et al. 2009 ) on 2011 July 23 (UTC dates are used throughout this paper) in an inner spiral arm of the nearby barred spiral galaxy NGC 151 (see Figure 1) , and was initially classified as having a Type IIn spectrum (as we discuss below, however, the spectral evolution became complicated). Based on the redshift of z = 0.0125 (3750 km s −1 ), we adopt a distance of 50.4 Mpc (m − M = 33.51 mag), and a Milky Way line-of-sight Table 3 are marked.
reddening of E(B − V ) = 0.0284 mag (Schlegel et al. 1998) . PTF11iqb resides in the bright inner region of NGC 151, in the ring surrounding the central bar, at a projected separation of ∼ 30 ′′ (∼ 7-8 kpc) from the host galaxy's nucleus. Early reports indicated nondetections of PTF11iqb in Xrays (Quimby et al. 2011 ) and radio (Horesh et al. 2011) . Later, PTF11iqb exhibited a marginal X-ray detection at ∼ 24 days after peak, and then another non-detection 28 days after peak, which was suggested to indicate a relatively low ratio of the X-ray luminosity to visual-wavelength luminosity, as compared to other SNe IIn (Ofek et al. 2013b ). Our new observations are presented in §2, and the light curve and spectral evolution are analyzed in §3. We compare PTF11iqb with SN 1998S in §4, and in §5 we present a simple CSM interaction model. In §6 we discuss the late-time Hα and in §7 we discuss the WR features seen in the earlytime spectrum. Section 8 presents an overview and summary, and we discuss PTF11iqb in context with other SNe IIn and normal (noninteracting) Type II (II-P and II-L) SNe.
OBSERVATIONS

Palomar 48-inch Discovery and Photometry
We obtained R-band images of the PTF11iqb field including NGC 151 on 2011 July 22.37 with the Palomar 48-inch telescope (P48) equipped with the refurbished CFHT12k camera (Rahmer et al. 2008 (Bloom et al. 2011) . It was classified correctly as a transient source (as opposed to a variable star), was further classified as a SN or nova, and was given the name PTF11iqb. No source was detected at this location with P48 in an image taken on 2011 Jul 17.5, to a 3σ limit of R ≈ 18.5 mag (see Figures 2 and 3 ). Our photometric pipeline has been used in many previous PTF papers (e.g., Firth et al. 2015; Ofek et al. 2012 Ofek et al. , 2014a Pan et al. 2014; Laher et al. 2014) , and is based on image subtraction. We construct a deep reference image from data prior to the SN explosion, register this reference to each image containing the SN light, match the point spread functions (PSFs), perform the image subtraction, and then measure the SN flux using PSF photometry on the difference images. The PSF is determined using isolated stars in the unsubtracted images, and the image subtraction uses a nonparametric pixelised kernel (similar to that in Bramich 2008). The average PSF is then fit at the position of the SN event weighting each pixel according to Poisson statistics, yielding a SN flux and flux uncertainty. We flux calibrate our P48 light curve to the Sloan Digital Sky Survey (SDSS; York et al. 2000) Data Release 10 (DR10; Ahn et al. 2014) . The resulting magnitudes are given in Table 1 and are shown in Figures 2 and 3.
Palomar 60-inch Photometry
Upon discovery of PTF11iqb, the field was automatically inserted into the queue of the robotic Palomar 60-inch telescope (P60; Cenko et al. 2006) for multifilter (r ′ and i ′ ) follow-up observations. Images were processed using a custom pipeline, and subtracted from reference images obtained in 2014 July using HOTPANTS. The resulting subtracted images were photometrically calibrated using nearby point sources from the SDSS DR10 (Ahn et al. 2014) ), so reported magnitudes are on the AB system (Oke & Gunn 1983) . A log of P60 photometry is provided in Table 2 . The light curve, combining the P48 R-band and the P60 r ′ and i ′ photometry, is shown in Figures 2 and 3 . The general rate of fading in P60 ri data is very consistent with the P48 R-band data. However, there are some differences that can mostly be attributed to different amounts of Hα emission in the r (Sloan) and R (Mould) filters, and none in the i filter. We also include a number of i-band upper limits at late times around days 500-600.
Mount Laguna BV RI Photometry
All photometric data were collected using the Mount Laguna Observatory (MLO; Smith & Nelson 1969) 40-inch reflecting telescope, which is equipped with a 2048 × 2048 pixel CCD camera (manufactured by Fairchild Imaging Systems; CCD447) located at the f /7.6 Cassegrain focus, providing a field of view of approximately 13.5 ′ × 13.5 ′ with 0.41 ′′ pixel −1 . The "seeing," estimated from the full width at halfmaximum intensity (FWHM) of stars on the CCD frame, was generally ∼ 2 ′′ , and exposure times of 5 to 30 minutes were typical for the observations, which were taken in the standard Johnson-Cousins (Johnson et al. 1966; Cousins 1981 ) BV RI bandpasses.
CCD frames were flatfielded using either twilight-sky or dome flats in the usual manner, and cosmic rays were removed using the L.A. Cosmic (van Dokkum 2001) algorithm. Considerable fringing remained in I-band images that did not properly flatten, likely produced by the varying intensity of night-sky emission lines. This has minimal impact on the photometry since both the SN and the comparison stars were much brighter than the background. Figure 1 shows an MLO B-band image of NGC 151 taken on 2011 August 5, with 10 "local standards" identified in the field of PTF11iqb, which were used to measure the relative SN brightness on nonphotometric nights. The absolute calibration of the field was accomplished on the photometric night of 2012 November 19 by observing several fields of Landolt (1992) standards over a range of airmasses. The derived BV RI magnitudes of the stars are given in Table 3 , along with the estimated uncertainties. The transformation coefficients to the standard Johnson-Cousins systems were derived using the solutions from this night. We determined the instrumental magnitudes for the standards using aperture photometry with the IRAF 2 DAOPHOT package (Stetson 1987 (Stetson , 1991 , which yielded colour terms for the MLO observations of the form
where bvri are the instrumental and BV RI the standard Johnson-Cousins magnitudes. The terms CB, CV , CR, and CI are the differences between the zero-points of the instrumental and standard magnitudes, determined for each observation by measuring the offset between the instrumental and standard magnitudes and colours of local standards. We determined the instrumental magnitudes for PTF11iqb and the local standards using the point-spread function (PSF) fitting technique within DAOPHOT (Stetson 1991, and references therein). We used only the inner core of PTF11iqb and the local standards to fit the PSF in order to reduce errors that can be introduced when there is a strong gradient in the background (e.g., Schmidt et al. 1993) . In practice, this core was generally set to be about the FWHM of a given image. While the fitting radius of the SN and comparison stars was varied from night to night to match the seeing, the sky background of the SN and local standards was always set to an annulus with a radius of 20-30 pixels (8.
′′ 2-12. ′′ 3) to maintain consistency throughout the observations. We next subtracted the mode of the sky background 3 to derive the instrumental magnitudes for the SN and local standards. The transformation to the standard Johnson-Cousins system was then accomplished using the colour terms listed in Equation 1 and the standard magnitudes of the local standards given in Table 3 . On the two nights where images in all four filters were not obtained, for the purpose of estimating the appropriate colour term the colour of PTF11iqb was estimated through interpolation or extrapolation from temporally nearby values; since the colour terms are small, this approximation should have little impact on the resulting photometry.
The final reported photometry was accomplished by taking the simple mean of the values obtained using each of the available calibrator stars on a given night; not all stars were available on all nights, owing either to field-ofview limitations or saturation. The results of our photometric observations are given in Table 4 and shown in Figure 2 . The reported uncertainties come from two sources. First, there is the photometric uncertainty reported by the erroranalysis package in DAOPHOT from the statistics of the SN and background region. Second, there is uncertainty in the transformation to the standard system. We estimate the transformation error by taking the standard deviation of the spread of the standard magnitudes obtained using each of the local standard stars. The photometric and transformation errors were then added in quadrature to obtain the uncertainty reported in Table 4 ; in nearly every case, the total error was dominated by the uncertainty in the transformation.
Swift/UVOT Ultraviolet Photometry
The Ultra-Violet Optical Telescope (UVOT; Roming et al. 2005) onboard Swift observed PTF11iqb in the U V W 1, U V M 2, and U V W 2 filters beginning on 2011 July 24. We photometered the UVOT data using standard procedures within the HEASoft 4 environment. We used a 3 ′′ diameter aperture to extract flux from the transient, and subtracted coincidence-loss-corrected count rates from underlying host emission obtained from images in 2014 (e.g., Brown et al. 2009 ). Photometric calibration was performed using the recipes from Poole et al. (2008) . The resulting magnitudes, all corrected to the AB system, are displayed in Table 5 .
Spectroscopy
PTF11iqb was brightening quickly at the time of discovery and was presumably caught very early after explosion (see below), so we quickly initiated spectroscopic follow-up observations starting on day 2 after first detection (1 day 4 http://heasarc.nasa.gov/lheasoft/ after discovery). We obtained several epochs of optical spectroscopy of PTF11iqb, which were densely sampled at early times (see Fig. 3 , where epochs of spectroscopic observations are plotted above the light curve). We obtained spectra of PTF11iqb using a number of different facilities, including the Bluechannel ( Table 6 , and the spectra will be released on the Weizmann Interactive Supernova Data Repository (WISeREP; Yaron & Gal-Yam 2012;  http://www.weizmann.ac.il/astrophysics/wiserep/). The slit was always oriented at the parallactic angle (Filippenko 1982) , and the long-slit spectra were reduced using standard procedures. Final spectra are shown in Figure 4 , although a few epochs of spectra are not displayed in this figure because they were taken close in time to another spectrum that appears very similar. The earlier Figure 2 . Top: Apparent magnitudes for the early part of the light curve for PTF11iqb, with P48 R-band in solid red dots, and with P60 r ′ and i ′ bands shown with unfilled circles in red-orange and black, respectively (see Tables 1 and 2 ). Swift/UVOT ultraviolet photometry in the UW1, UM2, and UW2 filters is shown in magenta, blue, and purple, respectively (see Table 5 ). UVOT magnitudes are offset by +2 for clarity. BV RI photometry from Mount Laguna Observatory (MLO) is shown in blue, green, red, and black squares (Table 4) , with all four MLO bands offset by +2 mag for clarity. These are all observed apparent magnitudes (i.e., not corrected for Milky Way reddening). Bottom: Colour evolution of PTF11iqb in the UV (UVW1-UVW2; purple) and visible wavelengths (B − V ; black squares). For comparison, B − V colours for the SN II-P SN 1999em (thick grey line; Leonard et al. 2002) , SN II-L 2003hf (orange circles; from Faran et al. 2014) , and the SN IIn SN 1998S (green diamonds; Fassia et al. 2000) are shown. Figure 3 . Apparent and absolute magnitude light curve for PTF11iqb, with P48 R in solid red dots, and with P60 r ′ and i ′ shown with unfilled circles in red-orange and black, respectively (see Tables 1 and 2 ). The arrows at late times are P60 upper limits, whereas the solid rectangles at late times (after day ∼ 150) represent pseudo-photometry estimated from spectra as described in the text. All photometry for PTF11iqb in the three filters has been corrected for Milky Way reddening of 0.070, 0.073, and 0.054 mag, for R, r ′ , and i ′ , respectively. Epochs when we obtained visual-wavelength spectra are noted with coloured hash-marks at the top (see Table 3 and Figure 4 ). For reference, we also show R-band light curves of the normal SN II-P 1999em (Leonard et al. 2002) , the unusual SN IIn 2010jp , and SN 1998S (Fassia et al. 2000) , scaled as they would appear if they were at the same distance as PTF11iqb. The dashed line is representative of the 56 Co decay rate, matched to SN 1999em. Note that the time axis is not uniform; we include a change in scale at 200 days to better facilitate the display of the early-time plateau phase on the same plot as the more sparsely sampled late-time decay.
epochs in Figure 4 have a blackbody plotted in grey for each observed spectrum; these correspond to the temperatures listed as TBB in Table 6 , although these are intended only as a rough relative comparison because they depend on the adopted reddening. Nevertheless, inferred temperatures around 7000 K in the plateau phase suggest that these quoted temperatures are not wildly in error. Details of the Hα line profile are shown in Figure 5 .
Since our P48 and P60 photometry covers early times well, but includes poor sampling after day 150 (and only upper limits in the i ′ band on days 500-600), we supplement our imaging photometry by using our flux-calibrated spectra. In spectra taken after day 150, we measured integrated fluxes within specific wavelength ranges to simulate the flux that would be observed in the R (5700-7300Å), r ′ (5500-6700Å), and i ′ (6900-8100Å) filters, and then converted these fluxes to magnitudes and added them to Figure 3 as solid rectangles with the same symbol colours as the imaging photometry. The uncertainty here is difficult to quantify, since the main source of error is the exact positioning of the target and associated standard star within the slit, but we adopt representative errors of ±0.4 mag in Figure 3 (at earlier times when our photometry overlaps with spectra, the spectrophotometry generally agree to 0.4 magor better). As discussed in more detail below, it is important to recognise that at the redshift of PTF11iqb, the main difference between the R and r ′ filters is that R includes the full Hα emission-line profile, whereas the red end of the r ′ filter cuts off the red wing of PTF11iqb's Hα line. It is also important to note that the pseudo-photometry from spectra subtracts the background by sampling host-galaxy light on either side of the SN, whereas the imaging photometry utilises background subtraction with a SN-free reference image. Thus, if there is an underlying star cluster or other coincident source, it will be included in the spectral photometry but will be absent in the imaging photometry. This may be important at late times when PTF11iqb is faint, so the true brightness of PTF11iqb may be below the level indicated by the spec- trophotometry. Nevertheless, these measurements provide a useful guide for the late-time evolution.
RESULTS
Light Curve
The multiband light curves and colour evolution for the early phases of PTF11iqb are shown in Figure 2 , while Figure 3 shows a subset of the data on an absolute-magnitude scale and extended to later times, as compared to a few previously observed SNe. The light curve displays a rapid rise in only ∼ 10 days to a peak luminosity of about −18.4 mag. This is followed by a decline that flattens out in a plateau or shoulder at about −17 mag, dropping off the plateau after 100-120 days.
To the extent that flux proportional to t 2 is a valid description of the early rise, the dotted curve in Figure 3 suggests that explosion occurred at roughly −3.3 days (i.e., 3.3 days before day 0, defined here as the first detection on 2011 July 22.37). This is consistent with the upper limit of 18.5 mag (unfiltered) for our nondetection on 2011 July 17.47 (Parrent et al. 2011) , indicated by the red arrow in Figure 3 . Since this upper limit corresponds to an absolute magnitude of around −15 mag, it does not place strong constraints on the luminosity or duration of a possible pre-SN eruption. The relatively quick rise to peak in only a few days seems to suggest an extended progenitor star similar to a RSG, which is a topic we discuss in more detail later.
The visible-wavelength colour evolution of PTF11iqb (see Figure 2 ) starts out very blue and becomes steadily redder for the first 60-70 days, and then seems to level off at B − V ≈ 0.75 mag before becoming more blue again at Table 6 ), with early times at the top and later times at the bottom. The four main phases discussed in the text are marked with changing colours: early times with CSM interaction (black), the plateau (blue), the early nebular phase (black), and the late nebular phase dominated again by CSM interaction (magenta). Strong telluric features are marked with "⊕". late times. PTF11iqb never gets as red as a normal SN II-P, like SN 1999em, probably owing to the continued influence of CSM interaction. The B−V colour evolution of PTF11iqb is quite similar to that of SN 1998S, although at early times it is also similar to a Type II-L event like SN 2003hf (the photometry here is from the recent study of SNe II-L by Faran et al. 2014) . We demonstrate later that the spectra around days 30-60 most closely resemble SNe II-L at similar times. The UV colours are very blue at early times, but quickly redden as the UV luminosity plummets and the photosphere cools rapidly in the first 30-40 days after explosion.
There is little change in colour or luminosity during the latter part of the plateau phase from days ∼ 50 to 120. After the drop from this plateau, PTF11iqb exhibits a nebular phase that (at least in the i ′ band) roughly follows the luminosity decline expected for radioactive decay from 56 Co (see Figure 3 ). While PTF11iqb is qualitatively similar to the light-curve behaviour of SNe IIn-P in this respect (Mauerhan et al. 2013b; Smith 2013b) , the drop after the plateau was not nearly as severe, and the late-time radioactive-decay luminosity was not as low. Also, as we discuss below, during the decline from peak and the plateau phase, the spectrum does not show a strong Type IIn signature (resembling SNe 1994W and 2011ht), but more closely resembles spectra of SNe II-P and II-L. Thus, its spectral evolution was unlike the rather homogeneous class of SNe IIn-P (Mauerhan et al. 2013b ), which exhibit a persistent SN IIn spectrum throughout their evolution. For these reasons we do not classify PTF11iqb as a Type IIn-P event, although we acknowledge that SN classification criteria may be inadequate if an object morphs through different types as it evolves.
Based on an analysis of the spectra (below), it is clear that the i ′ band traces the true continuum luminosity much better than the R or r ′ bands. After the drop of the plateau in the light curve at 100-120 days, the red filters are dominated by strong Hα emission from CSM interaction, to a different degree in each filter because of their different wavelength responses (see above). The i ′ band does not include the bright Hα line. From the time of the plateau drop until about day 500, the i ′ band is consistent with radioactive decay from 56 Co, and in fact has about the same luminosity and decline rate as the prototypical Type II-P SN 1999em. This would imply a synthesised 56 Ni mass of roughly 0.03 M⊙ (for SN 1999em, this was estimated as 0.02 M⊙ by Elmhamdi et al. 2003 and 0.036 M⊙ by Utrobin 2007) , and hence, a normal core-collapse SN II-P.
As discussed later, we attribute the excess luminosity (compared to SN 1999em) in the first half of the plateau to CSM interaction, as well as the strong late-time Hα emission. At the very latest phases (after day 500) the true underlying continuum level is very uncertain, since photometry from template-subtracted images only provides upper limits, whereas the pseudo-photometry estimated from spectra does not correct for a possible underlying star cluster or other faint coincident source, and may therefore be an overestimate of PTF11iqb's luminosity by an amount that is difficult to quantify.
Spectral Evolution
Here we provide a brief overview of the main stages in the spectral evolution of PTF11iqb. The spectra are discussed in more detail below in the comparison with SN 1998S, as well as in sections discussing the late-time Hα and early-time WR features specifically. We highlight three main stages: (1) at very early times around peak luminosity, (2) days 20-100, corresponding to the latter part of the plateau in the light curve, and (3) during the nebular phase after day ∼ 120.
Early Spectral Evolution
For the first 20 days after explosion, the spectrum of PTF11iqb was characterised by a smooth blue continuum matched by a blackbody that cools quickly from about 25,000 K on day 2 to about 10,000 K on day 16. The spectrum on day 2 shows a narrow (unresolved at FWHM ≈ 500 km s −1 at this epoch) Hα line core with broader and symmetric Lorentzian wings extending to about ±2000 km s −1 , and also shows a comparably strong "Wolf-Rayet" emission feature (a combination of He ii λ4686 and C iii/N iii). By day 5 these features have mostly faded; thereafter, only narrow Balmer lines remain atop the smooth blue continuum. Similar WR features have been seen in a few other SNe at early times; this is discussed more in §7.
Plateau Spectral Evolution
Starting on day 16, we begin to see an underlying broad component of Hα that continues to grow in strength as the narrow component fades (Figures 4 and 5a) . This broad component arises in the underlying fast SN ejecta. There is some persistent very faint narrow Hα emission during the plateau phase, but it is difficult to ascertain how much of it may be contributed by underlying H ii regions, since its strength varies from one spectral epoch to the next (which could be caused by true intensity changes, or by various amounts of surrounding H ii region emission being included in the slit). In any case, the narrow component of Hα is faint (a few percent of the total Hα flux). On the other hand, the radius of the CSM interaction front in our model (see below) and the SN ejecta photospheric radius are comparable at this epoch, so perhaps the CSM interaction intensity remains steady, but much of the shock interaction region is overtaken by the opaque SN ejecta photosphere (see below).
After about a month, the featureless hot blue continuum from the earlier phase transforms into a spectrum dominated by broad absorption and emission profiles, as in normal ejecta-dominated SNe like SNe II-L and II-P. Besides the broad Hα line with a width of ∼ 10,000 km s −1 (FWZI), we see numerous absorption features in the blue typical of SNe II-P (Dessart et al. 2013) , as well as the broad Ca ii near-infrared (IR) triplet in emission. Some of the absorption (especially Hα and Ca ii) appears muted compared to canonical SN II-P atmospheres. Indeed, PTF11iqb's relatively weak P-Cygni absorption in Hα and Ca ii more closely resembles that of SNe II-L than SNe II-P, while at 4000-6000Å, SNe II-P and II-L look qualitatively very similar (see Figure 6) . Gutiérrez et al. (2014) discuss the diversity in the ratio of Hα absorption to emission (a/e) in SNe II-P and II-L, and PTF11iqb resembles objects in that study with lower a/e vaues. So overall, even though the light curve shows a clear underlying plateau, the spectrum during the plateau phase looks more like that of SNe II-L; we suspect that this may be due to reionisation of the outer SN ejecta by CSM interaction. As we discuss below, the SN II-L-like spectral appearance is shared by SN 1998S at similar times in its evolution.
Late-Time Spectral Evolution
After the drop in luminosity at the end of the plateau (after days 100-120), the Hα emission from PTF11iqb starts to become quite interesting, exhibiting an asymmetric and multipeaked profile (Figure 5b ). During this stage, Hα develops a strong and somewhat broad blueshifted emission peak centered at −3000 to −3500 km s −1 . The red side of the line shows no similar peak, but instead begins to drop off sharply at around +3000 km s −1 . This asymmetric blueshifted Hα profile changes little over the time period from days 120 to 200 (Figure 5a ).
Blaming this strong blueshifted asymmetry of Hα on dust or opaque SN ejecta (blocking the receding side) would seem appealing, were it not for the fact that the asymmetric Hα profile then transitions from a blueshifted asymmetry to a much stronger redshifted peak between days 331 and 516 (Figure 5b ). In the day 516 spectrum and afterward, the red peak of Hα remains stronger than the blue peak (even if dust that was previously blocking the red side were destroyed, it would not make the red side brighter; true asymmetry in the CSM density is needed). We note that a delay in lightcrossing time from the back to the front of the SN cannot explain this shift from blue to red peaks, since the lightcrossing time is less than 10 days at radii of ∼ 500 AU.
Interestingly, the strength of the blueshifted peak coincides temporally with a lingering blue continuum and broad SN ejecta lines like the Ca ii IR triplet. These are strong in the early phases of the nebular decay, as in typical SNe II-P. From day 516 onward, however, the blueshifted peak of Hα, the blue continuum, and the broad ejecta lines all fade in tandem. When the red peak is strongest (after day 500), the overall spectrum is dominated by Hα with very little continuum contributing to the observed spectrum. This probably signifies that the spectrum at days 120-200 has a substantial contribution from the normal radioactivitypowered nebular emission from the inner ejecta, and this is when the i-band light curve and the Hα line luminosity (see below) both follow the 56 Co decay rate. At the latest times (after 300-500 days), the spectrum is dominated by CSM interaction because the radioactivity has faded much faster than the ongoing CSM interaction luminosity.
A narrow emission component of Hα is seen at several epochs, most likely tracing the preshock CSM. Our highestresolution spectra are those epochs obtained at late times with the MMT using the 1200 line mm −1 grating, which are most suitable to constrain the preshock wind speed. Examining epochs that appear to have less contamination from surrounding H ii regions (days 37, 61, 69, 95, 127, 150, 165 ; probably owing to better seeing, evidenced by weaker [N ii] emission adjacent to Hα), we find that the narrow component of Hα has Gaussian FWHM values of ∼ 80 km s −1 , comparable to the spectral resolution of the data. The preshock wind is therefore much slower than that of a typical WR star (∼ 10 3 km s −1 or more), or that of a blue supergiant or luminous blue variable (LBV; 100-500 km s −1 ), and closer to values seen in cool red or yellow supergiants (YSGs; see Smith 2014) . We quote 100 km s −1 as a fiducial value for the CSM expansion speed below, but the actual wind speed and mass-loss rates may be smaller by a factor of 2-3. 
A COMPARISON WITH SN 1998S
Readers familiar with SNe IIn may recognise that our description of the spectral evolution of PTF11iqb in §3.2 sounds remarkably similar to that of the classic wellobserved Type IIn object SN 1998S. Figure 7 compares the spectral evolution of the two SNe, with visual-wavelength spectra interleaved in chronological order after explosion. The spectra of SN 1998S from Leonard et al. (2000) are taken from the UC Berkeley SN database (Silverman et al. 2012) , and the others are downloaded from the WISeREP (Yaron & Gal-Yam 2012) database, originating from papers by Fassia et al. (2001) and Pozzo et al. (2004) . The days listed in Figure 7 are relative to discovery as noted by those authors; the explosion date of SN 1998S is not known precisely, but may be a few days before discovery (Leonard et al. 2000) .
Basically, the spectra of the two SNe in Figure 7 are almost identical in their evolution, sufficient to claim that PTF11iqb is a near twin of SN 1998S. Both SNe proceed through all the same spectral changes outlined above at roughly similar times. We note two exceptions to this twinhood.
First, spectral signatures of CSM interaction are generally stronger in SN 1998S at early times, consistent with its significantly higher peak luminosity (Figure 3) . In its day 2 spectrum, PTF11iqb shows an almost identical broadwinged Lorentzian Hα profile and Wolf-Rayet (WR) features to those that were first described in detail for SN 1998S by Leonard et al. (2000) . Chugai (2001) noted how these can arise from CSM interaction in the opaque inner wind. An alternative explanation for the early-time spectrum may The days for SN 1998S are as listed by those authors; this could cause offsets of a few days compared to PTF11iqb, which may be relevant at early times when comparing the two SNe, but which will not be significant at later times.
be ionisation of a dense inner wind by a UV flash from shock breakout, as was hypothesised to occur in SN 2013cu (Gal-Yam et al. 2014 ). It is difficult to distinguish between these two hypotheses with the available data, but in either case, PTF11iqb requires an opaque inner wind at a radius of ∼ 10 AU. An argument in favour of CSM interaction being important is that the wind density parameter required for the inner wind is very similar to that in the outer wind required by the late-time CSM interaction when the emission is optically thin (see §7). In any case, the key difference as compared to SN 1998S is that in PTF11iqb these features are weaker and they fade more quickly. In the day 2 spectrum of PTF11iqb, we measure EW(Hα) = 13.5 ± 0.8Å and EW(WR) = 29.6 ± 1.0Å (emission-line EWs are positive). The WR bump and strong Lorentzian wings of Hα are only seen in the day 2 spectrum and they fade completely by day 5 in PTF11iqb, leaving only a narrow Hα component. In SN 1998S, by contrast, these features are still quite strong in the days 3, 4, and 5 spectra shown by Leonard et al. (2000) . In the day 4 spectrum of SN 1998S in Figure 7 , we measure EW(Hα) = 55±1.0Å and EW(WR) = 39±1.0Å. Note that because of the higher luminosity of SN 1998S, the line luminosities are about an order of magnitude larger in SN 1998S. It is also interesting to note that the EW(WR)/EW(Hα) ratio is higher in PTF11iqb, perhaps reflecting the fact that the spectrum was obtained sooner after explosion than for SN 1998S, or perhaps higher ionization at lower densities.
Second, PTF11iqb shows an interesting and significant difference in its late-time Hα profile evolution. Both objects exhibit qualitatively similar asymmetric and multipeaked Hα lines at late times. However, PTF11iqb shifts from having a prominent blue peak at days 120-200 to a very strong red peak after day 500. SN 1998S does not do this, and stays with a blue peak continually. This is significant because the persistent blue peak of SN 1998S at late times was attributed to dust formation blocking the receding parts of the system (Leonard et al. 2000; Pozzo et al. 2004 ). The nearly identical temporal evolution of PTF11iqb, but with the difference of ending with a stronger redshifted peak, implies that this asymmetry may be caused by nonaxisymmetric structure and viewing orientation, rather than preferential extinction of the far side by dust. The asymmetry in the CSM is discussed more below (see §6).
Aside from these two points, the spectra of PTF11iqb and SN 1998S are basically the same. How does this fit with their light curves? SN 1998S was roughly a factor of 4 more luminous at peak, consistent with stronger CSM interaction, whereas the two had very similar luminosities from about day 80 onward. In the next section, we show that we can approximate the light curve of PTF11iqb by adding the luminosity from weak 6 CSM interaction to the light curve of a normal SN II-P. This veils the sharp drop in a normal plateau, making it a more gradual "shoulder" in the light curve. If we crank up the early-time CSM interaction in this scenario, the peak luminosity will be higher, and the shoulder in the light curve owing to the underlying SN II-P plateau will be harder to recognise, resembling SN 1998S. Thus, the inference that PTF11iqb was like SN 1998S but with weaker CSM interaction seems qualitatively consistent with both the spectra and light curves.
A MODEL LIGHT CURVE
In Figure 8 we demonstrate that one can approximately match the light curve of PTF11iqb using a SN II-P light curve that has extra luminosity from CSM interaction added to it. The SN II-P light curve we adopt is that of SN 1999em (Leonard et al. 2002) , but of course this is just a convenient reference. (We could have used a different SN II-P with a somewhat different light curve, and then adjusted the CSM parameters accordingly.) To this we add luminosity from CSM interaction (LCDS; the luminosity of the cold dense shell), calculated from a simple model with fast SN ejecta overtaking slower dense CSM, and the loss in kinetic energy is converted to radiation (see, e.g., Smith 2013a,b). Models of this type are not unique and have degeneracy in adjustable parameters like explosion energy, CSM mass, CSM radial distribution, and geometry. The model shown here is meant as a plausibility argument that PTF11iqb can be explained with a normal core-collapse SN that has weaker CSM interaction than SN 1998S, and provides only a very rough estimate of the CSM conditions.
Observations of the CDS velocity at late times when the emission is optically thin can help restrict some of the degeneracy in the model. Velocities of the blue and red peaks observed in the late-time Hα profiles are plotted in the bottom panel of Figure 8 . Normally, decelerating the fast 10 51 erg SN ejecta to the observed coasting speed of around 3000 km s −1 would require a high CSM mass, and also that roughly half the explosion kinetic energy was radiated away -this would produce a value of LCDS that is much higher than observed in PTF11iqb. To make a CSM-interaction model consistent with the observed velocities without overproducing the luminosity, we must adjust the emergent luminosity by an artificial efficiency factor of ∼ 15%. One option to accomplish this physically is to simply lower the CSM density and the SN ejecta mass (and SN energy) to 15%. The lower SN ejecta mass and energy would, however, then seem inconsistent with the underlying plateau light curve and radioactive decay tail that indicate a normal SN II-P. A second and simpler option is to interpret the 15% efficiency as a geometric effect -i.e., if the dense CSM only intercepts 15% of the solid angle seen by the SN ejecta, one can still have a normal 10 51 erg explosion and high-density CSM, but the resulting LCDS is much lower than it would be in a spherically symmetric model with the same parameters. The 15% geometric covering factor could, in principle, arise from CSM that is in a disc or torus, a nonaxisymmetric shell, or clumps that intercept an equivalent fraction of the solid angle. Agreement between our model and observations does not provide conclusive evidence of asymmetric CSM, but there are a number of reasons why nonspherically symmetric CSM is plausible. First, there is clear observational precedent: the similar explosion SN 1998S was inferred to have a highly aspherical, perhaps disc-like or toroidal CSM based on spectropolarimetry (Leonard et al. 2000) . SN 1998S was also inferred to have a disc-like CSM based on the multipeaked asymmetric Hα line profiles seen at late times (Leonard et al. 2000; Gerardy et al. 2000; Fassia et al. 2001; Pozzo et al. 2004) , which are very similar to those of PTF11iqb. A flattened CSM geometry was also inferred for the more recent event SN 2009ip based on energetic arguments, spectropolarimetry, and spectral clues (Smith, Mauerhan, & Prieto 2014; Mauerhan et al. 2014; Levesque et al. 2014; Ofek et al. 2013c) . Second, our spectra do not exhibit the narrow P-Cygni absorption that one might expect if the required preshock CSM density is along our line of sight to the SN photosphere. Last, evolved massive stars commonly show highly aspherical CSM when their Luminosities based on the observed r and i-band light curves (red and black data, respectively) of PTF11iqb, compared to a simple model. The thick blue curve that approximates the light-curve shape (labeled L CDS +1999em) is a combination of a normal SN II-P light curve (SN 1999em, shown in grey; from Leonard et al. 2002 ) and a simple CSM interaction model (orange curve labeled L CDS ). This model results from the radial density distribution shown in the inset at upper right (solid black), but where we have assumed an efficiency of 15% to account for aspherical geometry (see text for details). The dashed purple curve in this panel is the equivalent density distribution with the same mass if the model were spherically symmetric. The dashed green curve is the radial density distribution from the model for SN 1998S by Chugai (2001) . In the luminosity plot (top), the dotted blue and dotted red/orange curves show what the total luminosity would look like with a constant wind density parameter w, corresponding to the dotted black line in the radial density plot. (The R-band light curve of SN 1998S from Fassia et al. (2000) is shown for comparison, as are X-ray data for PTF11iqb from Ofek et al. (2013b) ). Bottom panel: The evolution of the cold dense shell (CDS) radius (black) and velocity (rust coloured) with time in the CSM interaction model from the top panel. The solid curve labeled V CDS is the velocity for the solid black density distribution in the upper-right inset, and the dotted orange curve corresponds to constant w for comparison. The blue and red data are velocities of the blue and red peaks of the asymmetric Hα line (see Figure 5 ). nebulae are spatially resolved (this is discussed more in the next section).
A substantial fraction of LCDS in our model should escape as X-rays rather than being converted to visiblewavelength continuum or Hα emission. Although the observed X-ray luminosity at early times shows that only a small fraction of the X-ray luminosity escapes (Figure 8 and Ofek et al. 2013b ), there have not yet been published constraints for late-time X-ray emission from PTF11iqb. This is expected theoretically for most SNe IIn (Chevalier & Irwin 2012; Svirski et al. 2012 ). From our analysis of the late-time Hα (see below) we infer that the wind density parameter in the outer wind may actually be similar to that in the very inner wind, arguing that the drop in density at 10 15.5 cm used to model the light curve merely reflects a decreasing optical depth of the outer wind and larger escape fraction of X-rays. As the material expands to larger radii and the optical depth drops, we would indeed expect a larger fraction of the total postshock luminosity to escape as X-rays (moreso if the geometry is not spherically symmetric). This would occur after the plateau.
The model that matches the observed light curve best in Figure 8 is qualitatively very similar to the model for SN 1998S presented by Chugai (2001) , with a higher density inner wind transitioning to a lower density outer wind (again, this drop may merely reflect a larger escape fraction of X-rays at lower optical depth or a different geometric covering factor; our simple model cannot constrain this further). The radial density profile we adopt is shown by the black line in the upper-right inset of Figure 8 . Note, however, that this is the wind density that occupies only 15% of the solid angle, following our assumptions about geometry discussed above. Therefore, this same inset to Figure 8 shows a dashed magenta curve, which is what the model wind density would be if the same mass were averaged over 4π steradians; this is more appropriate when comparing to the spherically symmetric wind density in the model for SN 1998S by Chugai (2001) , shown by the green dashed curve in the same inset. So, comparing these one can see that the CSM around PTF11iqb is qualitatively very similar to that of SN 1998S, but with less mass and with a division between the inner and outer wind at ∼ 10 15.5 cm instead of at ∼ 10 15 cm.
Our adopted CSM has an effective (i.e., spherically averaged) wind density parameter (w ≡Ṁ /vw) of w = 10 15 g cm −1 for the inner CSM and 2.5 × 10 14 g cm −1 for the outer CSM. WithṀ = wvw, these densities translate to pre-SN mass-loss rates of roughly 1.5 × 10 −4 M⊙ yr −1 (inner) and 4 × 10 −5 M⊙ yr −1 (outer) for a wind speed of 100 km s −1 . The total mass in the inner shell is about 10 −3 M⊙ lost in the ∼ 8 yr before core collapse, and about 0.04 M⊙ lost in the ∼ 1000 yr before core collapse (out to ∼ 3 × 10 17 cm). These are only order-of-magnitude estimates, owing to possible variation in wind speed, X-ray escape fraction, and geometry. The CSM mass is small compared to the several M⊙ in the massive expanding SN ejecta, but the CSM can be dense enough to resist the expansion of the SN ejecta if it is in a thin disc that intercepts a small fraction of the solid angle of the explosion. These pre-SN mass-loss parameters are less extreme than for other SNe IIn (Kiewe et al. 2012; Svirski et al. 2012; Ofek et al. 2013b) , and are within the range of mass-loss rates of several observed classes of moderately massive evolved supergiants (RSGs with dense winds like OH/IR stars, YSGs, B[e] supergiants, and relatively low-luminosity LBVs; see Smith (2014) for a general review of mass-loss rates in evolved massive stars). The CSM for PTF11iqb does not require the most extreme levels of LBVlike eruptive mass loss, but it does imply some significant episodic ejection or wind modulation in the decade before core collapse. Both PTF11iqb and SN 1998S had extended CSM consistent with RSG winds, although on the high end of known mass-loss rates for RSGs (Mauerhan & Smith 2012) .
In this model, the total energy radiated by CSM interaction in the first 100 days is at least 10 49 ergs, although the early rise may be caused partly to shock-breakout luminosity reprocessed by the dense inner wind (see, e.g., Ofek et al. 2010) . This is the extra luminosity that is needed in addition to a normal SN II-P light curve. This extra energy can be reduced somewhat if the underlying plateau SN is more luminous (although it can be at most a factor of ∼ 1.6 more luminous to not exceed the observed day 80-100 luminosity). The amount of extra radiated energy in only the first 20 days indicated by optical photometry is about 7 × 10 48 erg, but this ignores a bolometric correction and so the true radiated energy in this time is probably a factor of several higher, given the high 25,000 K temperature at the earliest times. In any case, this energy is several times higher than the typical energy of a UV flash associated with shock breakout in a RSG without a dense inner wind.
LATE-TIME Hα AND ASYMMETRY
After about 100-120 days, corresponding to the drop in continuum luminosity of the underlying plateau SN light curve, the spectrum of PTF11iqb took on a different character, dominated by a nebular ejecta spectrum plus a very strong Hα line that we attribute largely to CSM interaction. As noted above, the multipeaked Hα line profile is qualitatively very similar to that of SN 1998S (Leonard et al. 2000; Fassia et al. 2001; Pozzo et al. 2004) , which was interpreted as arising from CSM interaction in a flattened disc. We note that the late-time Hα from PTF11iqb is also reminiscent of the late Hα emission from the nearby SN IIb explosion SN 1993J (Matheson et al. 2000a,b) , where the Hα was also attributed to CSM interaction in an extended disc. Figure 9 shows the temporal evolution of the integrated Hα line luminosity in PTF11iqb and in a few other SNe with strong late-time Hα.
7 For the first ∼ 500 days, PTF11iqb decays at roughly the 56 Co rate, and is quite similar to SN 1998S. It is during this time frame that PTF11iqb and SN 1998S both show a strong blueshifted peak in Hα, along 7 Note that at late times, some of the spectra are contaminated by very narrow nebular Hα and [N ii] emission from adjacent H ii regions, where variable amounts are present in the spectra owing to seeing differences. We subtracted the contribution of these narrow H ii lines from the integrated line flux. Figure 10 . These panels relate to the discussion of asymmetry in §6 of the text. The upper-left plot compares the late-time asymmetric Hα profiles of SN 1998S and PTF11iqb. The lower-left panel is a sketch of CSM interaction for a SN running into a flattened disc-like CSM that has a lower density on the left side and a higher density on the right. A high-inclination observer at position A would see stronger redshifted peaks, as in PTF11iqb, whereas an observer seeing the same event from position B would see a blueshifted peak as in SN 1998S. An observer at low inclination (position C) would see a narrower and more symmetric line profile. The right panels correspond to observations of the torus around the mass-transferring eclipsing binary RY Scuti, from Smith et al. (2002) , as seen in [N ii] λ6583 emission. The botton panel shows the spatially resolved position-velocity diagram (HST/STIS spectra) with the slit aperture running through the major axis of the torus. This reveals an azimuthally asymmetric density distribution around the torus, with higher densities on the receding side. The top-right panel shows the integrated line profile from this circumstellar nebula, seen in a ground-based echelle spectrum. The radius of the torus is about 1000 AU, similar to the CSM encountered by PTF11iqb at late times, and the deduced CSM mass is similar as well. It seems likely that if a SN were to expand into a torus like that around RY Scuti, it would produce CSM interaction signatures much like those observed in PTF11iqb at late times.
with strong nebular lines like the broad Ca ii IR triplet. During this time, the Hα luminosity may be powered largely by radioactive decay. As such, the velocity asymmetry in the Hα lines (especially the blue bump), could indicate a highly nonspherical distribution of 56 Ni.
After about 500 days, however, the Hα from PTF11iqb decays more slowly than in SN 1998S, SN 1993J, and SN 1980K, and no longer traces the 56 Co radioactive-decay rate. During these later times, Hα is therefore most likely powered by CSM interaction. It is during these same later epochs after day 500 when PTF11iqb's Hα profile switches from a blueshifted peak to a stronger redshifted peak. It will be interesting to see how PTF11iqb continues to evolve. In SN 1998S, the drop in Hα luminosity reached a floor at around day 1000, after which it followed a trajectory consistent with CSM interaction in a very dense RSG wind (Mauerhan & Smith 2012 ), and SN 1980K and SN 1993J behaved similarly (Fesen et al. 1999 Milisavljevic et al. 2012; Matheson et al. 2000b) . The stronger day 500-1100 Hα luminosity in PTF11iqb could indicate an earlier onset of this behaviour in a wind that is an order of magnitude more dense (which would be extreme, given that the wind parameters for SN 1998S resembled those of VY CMa, the strongest known RSG wind), or perhaps it is merely overtaking a shell or terminal shock in the RSG wind that temporarily enhances the strength of Hα. Continued observations of PTF11iqb are encouraged. In any case, the fact that PTF11iqb had weaker CSM interaction at early times and stronger interaction at late times compared to SN 1998S suggests that the pre-SN mass loss in SNe IIn does not necessarily follow a common recipe, and that detailed observations of the shock progressing through the distant CSM may help unravel their highly varied mass-loss histories. Most SNe are not observed sufficiently late to see this behaviour, and/or they are too distant. If pre-SN mass loss is punctuated by stochastic mass ejections over a range of timescales, this would be quite relevant for diagnosing the driving mechanism in the final phases before core collapse.
Similarly, if the stochastic mass loss is highly asymmetric (especially azimuthally asymmetric), this may also be an important clue to its underlying physical mechanism. When the asymmetric blueshifted Hα line profiles were seen at late times in SN 1998S, it was inferred that dust obscuration may have played an important role in making an otherwise more symmetric double-peaked line appear heavily blueshifted (Leonard et al. 2000; Gerardy et al. 2000; Pozzo et al. 2004) . Pozzo et al. (2004) mentioned the possibility that dust formed in the postshock region (the CDS) may have been contributing to the asymmetry, as was seen later in the unambiguous case of SN 2006jc (Smith et al. 2008b) . However, as noted earlier, we cannot rely upon dust or ejecta obscuration to account for the strong asymmetry seen in PTF11iqb, because this time it is the blueshifted material on the near side that is missing. The fact that emission from the far side of the CSM interaction is brighter provides a strict requirement that the density distribution in the CSM is intrinsically asymmetric. Interestingly, the velocity of the brighter red peak is slower (roughly +1100 km s −1 ) as compared to that of the blue peak (roughly −2000 to −3000 km s −1 ) on day 801, so stronger deceleration upon running into denser CSM is an intuitively plausible explanation for the brightening of the red side of the line. If SNe IIn typically have such asymmetry, then a range of viewing angles could easily explain why some have redshifted peaks, some have blueshifted peaks, and others have narrower and centrally symmetric Hα profiles at late times, as depicted in the left panels of Figure 10 .
What sort of process could produce a flattened CSM geometry that is significantly more dense on one side than the other? Axisymmetric structures in the CSM (discs and bipolar nebulae) may conceivably arise from rapid rotation in single stars, but high degrees of azimuthal asymmetry are difficult for single stars to achieve. A way to have one-sided CSM while still satisfying the equatorial mass distribution suggested by spectropolarimetry of SN 1998S is to have mass loss in a binary with some nonzero eccentricity, or with unsteady mass loss. As an illustrative example, the right panels of Figure 10 show observed emission from the nebula around the Galactic massive star RY Scuti. RY Scuti is a rare example of a massive eclipsing binary system caught in the brief phase of mass transfer, where one star is being stripped of its H envelope on its way to the WR phase, and it is so far the only such system known with a spatially resolved toroidal CSM nebula (Grundstrom et al. 2007; Smith et al. 2002 Smith et al. , 2011b . Figure 10 shows the spatially resolved velocity structure of the ring and the integrated emission-line profile of [N ii] λ6583, from Smith et al. (2002) . The integrated line profile from the nebula is multipeaked and very asymmetric, with a brighter red peak -very much like PTF11iqb at late times, but with slower (preshock CSM) expansion speeds of only ±40 km s −1 . When emission from RY Scuti's torus is spatially and spectrally resolved (see the position-velocity diagram in the bottom right in Figure 10 ), it is clear that the density distribution in the expanding torus is azimuthally asymmetric, with several clumps around the torus and generally higher density on the far side (Smith et al. 2002) . This azimuthal asymmetry arises despite the fact that the central eclipsing binary system appears to be tidally locked and has a circularised orbit (Grundstrom et al. 2007) . In this case, the azimuthal asymmetry may arise from episodic mass loss. Proper motions of the multiple shells around RY Scuti reveal two separate major ejections in the last ∼ 250 yr (Smith et al. 2011b ). Such sequential mass-loss episodes in a binary might provide the complex density Figure 11 . Early-time spectra of PTF11iqb (day 2 after discovery, roughly day 5 after explosion), SN 2013cu (day 3 after discovery and explosion; Gal-Yam et al. 2014) , and SN 1998S (day 4 after discovery, day 5 after explosion; Leonard et al. 2000) showing the WR features. The days noted next to each SN name are approximate times after the inferred explosion time. Various lines of highly ionised species such as He i, He ii, N iii, and C iii are seen in the spectra, plus broad Lorentzian wings of Balmer lines. These WR-like features appear despite the likelihood that both the PTF11iqb and SN 1998S progenitors were RSGs, not WR stars, because the dense cool wind becomes highly ionised by shock breakout or CSM interaction from the fastest ejecta. structure around PTF11iqb; interestingly, the total mass inferred for RY Scuti's nebula of 0.001 M⊙ (Smith et al. 2002) within ∼ 1000 AU is in the right ballpark. We infer that if a Type II-P explosion was surrounded by RY Scuti's nebula, the resulting CSM interaction could produce the late-time Hα emission seen in PTF11iqb. The analogy can only be pushed so far, however, because RY Scuti is a binary of an O star and a B supergiant, so it is unlikely to produce a plateau light curve if it exploded tomorrow. Nevertheless, it provides a nice illustration of the asymmetry that can arise in the CSM around interacting binaries. Many other possibilities exist to create azimuthally asymmetric structure, such as wind collisions or other interactions in binary systems with nonzero eccentricity.
WOLF-RAYET FEATURES IN THE EARLY SPECTRUM
PTF11iqb now joins a few other SNe (Types IIn and IIb), which have been caught early and show the WR features associated with He ii λ4686 and strong Lorentzian wings of Balmer lines in their very early-time spectra. The beststudied cases of this so far include SN 1998S (Leonard et al. 2000; Chugai 2001 ) and SN 2013cu (Gal-Yam et al. 2014 Groh 2014) . Figure 11 shows these features in detail as they appear in the early spectra of PTF11iqb, SN 1998S, and SN 2013cu. The spectrum of SN 2013cu from Gal-Yam et al. (2014) Recently, Gal-Yam et al. (2014) reported the detection of these same features in the first few days after explosion in SN 2013cu, which was a stripped-envelope Type IIb event. Those authors interpreted the spectral features as resembling a WN6h spectral type. Based on this similarity, Gal-Yam et al. (2014) proposed that the progenitor was a WR-like star. This is an important claim, since no WR progenitors have been detected yet for any stripped-envelope SNe, but relatively cool YSG progenitors have been directly detected in other SNe IIb, the three clear cases being SN 1993J, SN 2011dh, and SN 2013df (Maund & Smartt 2009 Van Dyk et al. 2013 . (Interestingly, SN 1993J behaves very similarly to PTF11iqb and SN 1998S at late times.)
However, in this paper we have shown that these same WR features are seen in PTF11iqb, and they had also been seen previously in SN 1998S.
8 This challenges the WRlike progenitor interpretation forwarded by Gal-Yam et al. (2014) , since both PTF11iqb (this work) and SN 1998S (Mauerhan & Smith 2012; Shivvers et al. 2014 ) have CSM consistent with RSG winds. In the particular case of PTF11iqb, we see a plateau in the light curve, indicating that the underlying SN event was a Type II-P explosionthis requires that the progenitor was an extended cool supergiant at the moment it exploded, and not a compact WR star. From this comparison alone we cannot rule out the possibility that SN 2013cu had a WR-like progenitor, but clearly a WR progenitor is not necessary to yield WR features in a SN. A YSG progenitor, as has been detected directly in other SNe IIb, may provide a suitable alternative for SN 2013cu. Indeed, comparing the spectrum of SN 2013cu to radiativetransfer models, Groh (2014) concludes that the SN 2013cu progenitor could not have been a WR star, and instead must have been a yellow hypergiant (with more extreme mass loss than a normal YSG). The enhancement of N lines in the spectrum that led Gal-Yam et al. (2014) to connect SN 2013cu with a WN star (rather than a WC) star is not exclusive to WR stars, since many cooler evolved massive stars across the upper HR diagram show N-enriched atmospheres (in any case, the strong N lines may be more of a temperature effect than abundance; Groh 2014). Nevertheless, early time data such as the spectra obtained for 2013cu and PTF11iqb provide powerful probes of the immediate pre-SN mass loss (Gal-Yam et al. 2014) .
We conclude that the WR-like spectrum seen at early times has little to do with the spectral type of the progenitor before explosion. Instead, it most likely reflects a wind density that is high enough to be optically thick at radii of ∼ 10 AU after it becomes ionised.
9 Interestingly, the im-8 We note one caveat, related to sensitivity or time resolution. An emission feature at ∼7100Å identified by Gal-Yam et al. (2014) as N iv was strong in the spectrum of SN 2013cu taken 15.5 hr after explosion, but the feature faded beyond detectability by day 3 (see Figure 11 ). This feature was also seen in SN 1998S, although Leonard et al. (2000) identified it as a C ii blend. Unfortunately, our earliest spectrum of PTF11iqb is too noisy at these wavelengths to see if the feature is present at the same level as in SN 1998S at a similar time. 9 The estimate of ∼ 10 AU in the case of PTF11iqb comes from the required photospheric radius, given the observed luminosity and temperature we quote here. A radius of 10 AU is also consisplied wind density requires a mass-loss rate (0.001 M⊙ yr Smith & Conti 2008; Crowther 2007) . The requisite blast of hard photons might come from either the UV flash associated with shock breakout (Gal-Yam et al. 2014) , or from CSM interaction (Leonard et al. 2000; Chugai 2001 ) generated when the fastest outer SN ejecta begin to crash into the slow inner CSM. Since this occurs inside the continuum photosphere, it is difficult to know which process dominates, but nevertheless, either process requires a similarly optically thick inner wind. Lastly, we note that independently, Shivvers et al. (2014) draw a similar conclusion regarding the interpretation of the WR features by Gal-Yam et al. (2014) . Shivvers et al. present a high-resolution echelle spectrum of SN 1998S obtained at very early times when the WR emission features were seen in that object. They find a slow wind consistent with a RSG progenitor, and therefore favour a similar interpretation that a WR-like spectrum at early times does not necessarily indicate a WR progenitor.
OVERVIEW OF PTF11iqb: BRIDGING TYPE IIn EVENTS WITH NORMAL SNe
In principle, any type of SN explosion could appear as a Type IIn, since the IIn spectroscopic signature is not the result of the explosion physics, but is caused instead by H-rich (or H-poor/He-rich in the case of SNe Ibn) CSM interaction that happens afterward. When CSM interaction is strong, the CSM optical depth is high. Consequently, in cases where CSM interaction substantially enhances the peak visible continuum luminosity of a SN IIn, the photosphere can actually be ahead of the forward shock in the CSM, and hence, it can effectively mask the identity of the underlying SN ejecta spectrum (see, e.g., Smith et al. 2008a for more details). Because of its relatively weak CSM interaction at early times, PTF11iqb affords an interesting opportunity to more clearly see the underlying SN II-P photosphere. The signature of a SN II-P is seen from the shoulder in the light curve, which can be explained as a composite of a normal plateau and CSM interaction, and the visible-wavelength spectrum toward the end of that plateau matches a SN II-L, when the tent with the radius of the CDS on day 2 in our CSM interaction model. Gal-Yam et al. (2014) quote a similar approximate radius of 10 14 cm. broad-lined SN ejecta dominate the observed light. Moreover, it seems clear from the composite SN II-P plus CSM interaction light-curve model that all one needs to do is "crank up" the CSM interaction by a factor of a few (in CSM density and luminosity) to make this object look like the more traditional SN IIn explosion SN 1998S.
When we first described the spectral evolution of PTF11iqb in §3.2, we highlighted three main phases:
(1) The early phase (days 0-20) dominated by a smooth blue continuum, narrow emission lines with broad Lorentzian wings, and the WR-like spectral features. During this time, the spectrum was that of an opaque wind ionised by either CSM interaction or a UV flash from shock breakout (or both).
(2) The plateau phase (days 20-120) when the spectrum resembled the broad-lined photospheric spectrum of a normal SN II-P or II-L, with broad emission and absorption profiles. In this phase, the emitted light is dominated by the fast SN ejecta, as in a normal SN.
(3) Late-time CSM interaction with strong asymmetric Hα, which can be subdivided into the early nebular phase (days 120-200) when Hα had a strong blueshifted peak and was probably powered largely by radioactive decay, and later times (after day 200) when Hα must have been powered by CSM interaction and had a stronger redshifted peak.
In Figure 12 , we show a sketch that illustrates a proposed sequence of events to qualitatively explain this observed evolution of PTF11iqb. The four panels in this figure are described below. Figure 12a : The progenitor is a RSG or yellow supergiant/hypergiant surrounded by a dense wind and an even denser disc-like distribution of CSM. The densest parts of the disc may reside at a radius of ∼ 10 AU. The disc is likely the remnant of some previous binary interaction events. Figure 12b : For the first ∼ 20 days immediately after explosion, the SN ejecta crash into the inner dense wind of the progenitor at a radius of ∼ 10 AU. However, the wind is opaque once it is ionised, and a photoionised precursor (due to either CSM interaction X-rays that are reabsorbed, or to a UV flash from shock breakout) creates an electronscattering photosphere outside the fast SN ejecta. Narrow lines are emitted by the preshock wind. The collision in the equator slows the expansion there, but the fast ejecta expand freely at other latitudes. Figure 12c : At days 20-120, the radius of the SN ejecta photosphere has now grown to ∼ 100 AU at latitudes away from the equatorial plane, as in a normal SN II-P. Although the photosphere is constantly receding in mass coordinates through the expanding ejecta, it is larger than the radius where the most intense CSM interaction is occurring in the equator (10-20 AU). Thus, the equatorial CSM interaction region is enveloped by and hidden inside the normal broadlined SN photosphere as seen from most viewing angles. This is the most likely explanation for the disappearing or weakening narrow lines in some SNe IIn. If CSM interaction still contributes to the total plateau luminosity, the photons must diffuse out through the fast ejecta. Figure 12d : At late times after the plateau drop (days 100-120), the continuum photosphere recedes to smaller radii and once again exposes the CSM interaction occurring in the disc. As the photosphere recedes completely and the ejecta become optically thin, the emergent spectrum is dominated by optically thin ejecta powered by radioactive decay plus CSM interaction in a disc or torus. The postshock speed of the swept-up CSM is a few 1000 km s −1 , indicated by the width of the multipeaked asymmetric Hα line.
This sequence of events gives a satisfactory explanation for the spectroscopic evolution seen in PTF11iqb. By changing the density and radial extent of the CSM disc (and perhaps also by changing the viewing angle of the observer) one can adapt this scenario to other SNe: with denser or more extended CSM, we get a SN IIn like SN 1998S, and with less dense or less extended CSM, we may get normal SNe II-L or II-P events. Thus, this scenario for PTF11iqb provides a direct bridge between SNe IIn and SNe II-P/L. This, of course, does not mean that all SNe IIn are actually Type II-P explosions underneath their CSM interaction, but it does confirm that some of them are underlying SNe II-P that arise from RSGs or YSGs, although masked at some phases by CSM interaction. Most of the interest in SN IIn progenitors has thus far concentrated on LBVs, partly because in some cases the CSM mass is so high, and also because the very bright LBV-like progenitors may be easier to detect in pre-explosion data (Gal-Yam et al. 2007; Gal-Yam & Leonard 2009; Smith 2014; Smith et al. 2007 Smith et al. , 2008a Smith et al. , 2010b Smith et al. , 2011c . Smith et al. (2009a) suggested that extreme RSGs like VY CMa have CSM environments that can produce lower-luminosity SNe IIn, and Mauerhan & Smith (2012) showed that the late-time CSM interaction in SN 1998S was consistent with such a wind operating for ∼ 1000 yr before core collapse. More recently, Shivvers et al. (2014) have also found evidence for a RSG progenitor for SN 1998S based on very early high-resolution spectra, as noted above. There have been other suggestions of RSG progenitors of some lower-luminosity SNe IIn as well (Stritzinger et al. 2012; Smith et al. 2009b) .
From the point of view of understanding the connection between SNe and their progenitors, an important question then arises: For how long before explosion was PTF11iqb's progenitor a cool supergiant? Extreme instabilities in the years leading up to core collapse are required to eject many M⊙ in some cases that produce luminous SNe IIn, but there may also be less extreme instabilities that could drive a wind, cause violent pulsations, or simply inflate the star's envelope in the final years of a star's life (Smith & Arnett 2014; Quataert & Shiode 2012; Shiode & Quataert 2014; Ofek et al. 2014a ). Yoon & Cantiello (2010) have also suggested that some luminous RSGs may experience an enhanced superwind phase for ∼ 1000 yr before core collapse driven by pulsational instabilities. During most of its Heburning lifetime, the progenitor may therefore have looked quite different from how it looked in the decades or centuries immediately preceding explosion. Whatever the physical cause, it does seem clear that PTF11iqb resides between SN 1998S and normal SNe II-P in terms of its luminosity and CSM interaction intensity.
Thus, this type of pre-SN activity, instability, and variation in stellar structure may play an important role in understanding the connection between the most common corecollapse events (normal SNe II-P) and other objects like SNe II-L and SNe IIn that appear to have some overlap. It could be that SNe II-L and SNe IIn form a sequence of increasing progenitor mass and increased pre-SN instability (see, e.g., Yoon & Cantiello 2010), or perhaps it could be due to other factors, such as proximity of a companion star in binary systems that suffer these instabilities (Smith & Arnett 2014) . Exploring the diversity in CSM density and geometry may be extremely important for sorting this out, since disclike CSM around a RSG is unlikely without a companion star to supply angular momentum. As noted above, some objects classified as SNe II-L, including classic objects such as SN 1980K, SN 1979C, and others (see Fesen et al. 1999; Milisavljevic et al. 2012) , do not have spectra obtained at very early times -perhaps they would have been classified as SNe IIn if they had been caught sufficiently early. Detecting additional cases like PTF11iqb and understanding how common they are may help flesh out the continuum of diversity in pre-SN mass loss. If there are additional weak SNe IIn that are not easily recognised because the SN IIn signatures are fleeting, it would imply that pre-SN instability is not limited to only 8-9% (Smith et al. 2011a ) of core-collapse SNe that have been categorised as Type IIn.
